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5. Introduction:

5.a. Background and significance

5.a.(i) Cripto encodes a signaling factor with a potential role in breast development and cancer

Our research on breast development and tumorigenesis centers on the Cripto gene, which
encodes a secreted growth factor-like molecule with distant similarity to epidermal growth factor
(EGF). A role for Cripto in human breast cancer has been indicated by previous studies that have
shown that Cripto is consistently overexpressed in a large percentage of human breast cancers, and is
not expressed at high levels in normal breast tissue [1]. Other studies have documented Cripzo
overexpression in human colorectal, gastric, and pancreatic carcinomas [2-4]. Furthermore,
overexpression of Cripto is able to induce soft agar colony formation by NOG-8 mouse mammary
epithelial cells, indicating that Cripto has transforming activity [5]. Taken together, these studies
have suggested that Cripto may be involved in autocrine or paracrine signaling during
tumorigenesis.

Several studies have demonstrated that the human CRIPTO protein possesses growth factor
activity. First, mitogenic activity has been demonstrated in cell culture experiments using human
CRIPTO protein expressed by transfected CHO cells, or a refolded 47-mer peptide that contains
the CRIPTO EGF-like motif, both of which can stimulate proliferation of several human breast
carcinoma cell lines, including MDA-MB-453 and SK-BR-3 [6]. Secondly, refolded CRIPTO
peptide can bind to murine HC-11 mammary epithelial cells and induce tyrosine phosphorylation
of the SH2-adaptor protein She, resulting in activation of the ras/raffMAPK signaling pathway [7],
as well as a phosphatidylinositol 3’-kinase pathway [8]. Finally, treatment of HC-11 cells with
CRIPTO protein can block induction of differentiation mediated by lactogenic hormones [8].

Despite the activation of distinct intracellular signaling pathways in response to exogenous
CRIPTO protein, the identity of the Cripzo receptor(s) remains elusive. In particular, the available
evidence indicates that CRIPTO, unlike other EGF-related growth factors, interacts with a
receptor(s) that is distinct from the four known members of the erbB receptor family (EGF receptor,
c-erbB-2/neu/HER-2, c-erbB-3, and c-erbB-4). For example, the high-affinity binding of *I-labeled
refolded CRIPTO peptide to HC-11 cells is not competed by erbB receptor ligands, and does not
stimulate receptor tyrosine phosphorylation in Ba/F3 cells stably transfected with single erbB
receptor genes or with pair-wise combinations [7]. These and other observations suggest that
CRIPTO binds to an as yet unidentified cell-surface receptor(s).

5.a.(ii) Members of the EGF-CFC family have essential and evolutionarily conserved activities

In our previous studies of mesoderm formation during murine development, we isolated a
novel gene that we named Crypric, and showed that Cripto, Cryptic, and the Xenopus FRL-1 gene [9]
define a new gene family, known as the EGF-CFC family [10]. More recent studies have shown
that the zebrafish one-eyed pinbead (oep) gene is also a member of this family [11]. The putative
protein products of these genes share a potential N-terminal leader sequence, a variant EGF-like
motif, a novel conserved cysteine-rich region (the CFC motif), and a C-terminal hydrophobic
domain, which may confer association with the cell membrane [10, 11]. Despite their relatively low
sequence conservation (about 30% amino acid identity), Cripto, Cryptic, and FRL-1 are all able to
rescue the phenotype of 0ep mutant zebrafish embryos [11], demonstrating that EGF-CFC family
members have similar biochemical activities.
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In recent studies, we have utilized gene targeting (“knock-out”) methodology to examine the
effects of a null mutation for Cripto in mice, and have found that Cripro is required for the correct
orientation of the anterior-posterior (A-P) axis in the early embryo ([12]; see Appendix).
Homozygous Crz'pw‘/ — embryos generated by targeted gene disruption die shortly after gastrulation
at embryonic day 8.5, and display severe defects in formation of the primitive streak and embryonic
mesoderm [12]; this also precludes a direct analysis of Cripto requirements in mammary gland
development. Similarly, ogp mutant fish display an early embryonic lethal phenotype with profound
defects in formation of the prechordal plate, definitive endoderm, and cardiac mesoderm [13].
These early embryonic requirements for Cripto in mouse development and Oep in zebrafish
development suggest that members of the EGF-CFC family interact with an evolutionarily-
conserved signaling pathway.

5.b. Scope and purpose of research

In our research supported by USAMRMC Breast Cancer Research Program, we are
investigating several fundamental questions regarding a potential role for Cripto in breast
development and tumorigenesis. First, the current evidence implicating Cripto in oncogenesis is
indirect, with no causal role for Cripro having been demonstrated. Secondly, it remains unclear
whether Cripto may represent a signaling factor involved in normal growth and differentiation of
the mammary gland. Finally, investigation of the molecular mechanisms of Cripto action is greatly
hampered by a lack of information concerning the Cripto receptor(s).

Therefore, to evaluate the putative oncogenic activities of Cripto, we have generated Cripto-
expressing transgenic mice to assay mammary tumorigenesis in vivo (Technical Objective ).
Secondly, we have produced retroviral vectors to investigate the consequences of Cripto
overexpression in mammary epithelial cell lines that represent model systems for mammary
differentiation and tumor progression (Technical Objective II). Finally, we have developed reagents
and assays that will facilitate the molecular cloning of the Cripto receptor(s) (Technical Objective
III). These studies will permit the biochemical investigation of downstream signal transduction
pathways and the cellular and molecular consequences of Cripto signaling.

6. Body:

6.a. Materials and methods

6.4.(1) Generation and analysis of transgenic mice

To produce transgenic founder animals, we performed oocyte microinjection using standard
techniques [14], in the FVB/N inbred strain [15]. To assay the genotype of the resulting offspring,
tail DNA was analyzed for transgene incorporation by Southern blotting. For analysis of Cripro
expression, ribonuclease protection assays were performed as described [16] on total RNA extracted
from dissected mammary tissues at the indicated stages. All mice are maintained under specific
pathogen-free (SPF) conditions, using micro-isolator cages, HEPA-filter cage racks, and laminar
flow changing hoods.

6.a.(ii) Production of retroviruses for Cripto expression

To produce retroviruses that express Cripto, we transiently transfected Phoenix A
amphotropic packaging cells with LZRS-pBMN-2 vectors with appropriate inserts [17]. Following

transfection, culture supernatants containing retroviral particles were harvested after two days. HC-

6
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11 mammary epithelial cells were infected by incubation with viral supernatants for five hours in
the presence of 4 Wg/ml polybrene, as described [18]. Differentiation of HC-11 cells using
dexamethasone, insulin, and prolactin (DIP) was carried out as previously described [19].
Recombinant murine CRIPTO protein was produced as a secreted glutathione-S-transferase (GST)
fusion protein in culture supernatants of Sf9 insect cells, using the pAcSecG2T baculovirus
expression vector (Pharmingen). The recombinant fusion protein was purified using glutathione-

Sepharose beads (Sigma), followed by cleavage with thrombin to release purified CRIPTO protein.
6.a.(iii) Receptor binding studies

To perform receptor binding experiments, we have produced constructs to express fusion
proteins of CRIPTO with human placental alkaline phosphatase (AP) in mammalian cells. COS-7
cells were transiently transfected using Lipofectamine (Gibco), and conditioned media collected
three days later for analysis of alkaline phosphatase activity. Cell supernatants were screened in a
colorimetric microplate assay for AP activity by measuring the hydrolysis of p-nitrophenyl
phosphate, with the amount of AP activity defined as the maximum rate of change of O.D.s/hour
under standardized assay conditions [20]. For library screening to clone a putative CRIPTO
receptor, we have utilized an E14 rat dorsal root ganglia cDNA library constructed in the COS cell
expression vector pMT21 [21]. Pools of approximately 2000 clones were transiently transfected into
COS-7 cells, and histochemical screening using the AP-CRIPTO fusion protein was performed at
48 hours following transfection, as described [20].

To investigate protein interactions by immunoprecipitation, we metabolically labeled HC-11
cells using **S-methionine, and lysed labeled cells with RIPA buffer. For pull-down experiments
with AP-CRIPTO fusion protein, we incubated labeled cell lysates with AP-CRIPTO culture
supernatant (1000 U/ml), or AP supernatant (1000 U/ml) as a control, followed by addition of
monoclonal antibody against AP (Sigma) and formalin-fixed Staph A cells (Calbiochem). After
incubation at 4°, cell pellets were washed three times with RIPA buffer and loaded on a 12.5%
SDS-PAGE gel for analysis. For pull-down experiments with GST-CRIPTO fusion protein, we
incubated cell lysates with 10 pg purified GST-CRIPTO fusion protein, followed by addition of
glutathione-Sepharose beads; after incubation, the beads were washed three times with PBS and
analyzed by SDS-PAGE. To biotinylate cell-surface proteins, we treated unlabeled HC-11 cells with
0.25 mg/ml sulfo-NHS-LC-biotin (Pierce) as described [22], followed by immunoprecipitation
with AP-CRIPTO or control AP supernatants. Immunoprecipitates were resolved by SDS-PAGE,
blotted onto PVDF membrane, and detected with avidin-HRP conjugate (Pierce).

6.b. Results and discussion

6.b.(i) Technical Objective I: Generation and analysis of Cripto transgenic mice

Rationale: To investigate the effects of Cripto on mammary development and oncogenesis,
we have generated transgenic mice that overexpress Cripto in their mammary glands. We have
previously shown that EGF-CEC proteins, including CRIPTO, are poorly secreted from transfected
cells in culture, probably because the endogenous signal sequence is non-conventional and directs
inefficient secretion ([10]; data not shown). Since the biological activity of a Cripto transgene should
depend upon the levels of protein secretion attained iz vivo, we have constructed transgene
expression vectors containing either an unmodified (wild-type) Cripzo gene or a modified Cripto
gene that should direct high-level protein secretion.

Results: (i) Generation of Cripto transgenic mice: To direct expression of CRIPTO
transgenes to the mammary epithelium of transgenic mice, we utilized the MMTV-SVPA vector

A /UNPUBLISHED DATA 7
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[23], which contains a mouse mammary tumor virus (MMTV) long terminal repeat (LTR)
enhancer/promoter (Figure 1A). We have subcloned mouse Cripto cDNAs into this vector, both in
unmodified and modified (sec- Cripto) forms (Figure 1B). At present, we have successfully generated
three founder mice carrying the unmodified Cripto transgene, and four founders carrying the sec-
Cripto transgene. These mice are currently being bred to establish stable lines of transgenic mice,
which will be analyzed for transgene expression using ribonuclease protection assays.

A B

MMTV
LTR , 155 5

MMTV-SVPA :

I sec-Cripto

bty

: pO:Ly A Ig Leader BGF motif CFC motif Hydrophobic
C-texminus

amp

Figure 1. Schematic depiction of the transgene vector and inserts. (4) The MMTV-SVPA expression
vector contains the long terminal repeat from the mouse mammary tumor virus, 5' untranslated sequences
from 7as, and the 3' polyadenylation region from SV40 [23]. (B) The murine Cripto transgene inserts have
been produced in unmodifed and modified (Sec-Cripto) forms. For the modified construct, we have utilized
the leader peptide from a murine immunoglobulin kappa chain gene (from the pSecTagB expression vector;
Invitrogen) as a replacement for the endogenous CRIPTO leader peptide.

(i) Analysis of Cripto expression in mammary gland development: As a first step in
investigating the potential activities of Cripto, we have examined the expression of the endogenous
Cripto gene at various stages of mammary development. Previous studies of Cripto expression in the
mammary gland have utilized a polyclonal antibody directed against the Cripto EGF-like domain
[24]; however, the interpretation of these studies is complicated by the possibility of cross-reactivity
with other members of the EGF-CFC family. Therefore, we have employed RT-PCR and
ribonuclease protection assays to examine Cripto expression in mammary glands from virgin,
pregnant, lactating, and regressing stages. Our results indicate that Cripto is expressed at extremely
low levels throughout mammary development, with slightly elevated expression during pregnancy
and lactation (data not shown).

In current studies, we are employing a different approach to investigate the levels and
distribution of Cripto transcripts in the mammary gland. For this purpose, we are using our gene
targeted mice, which contain a LacZ reporter gene “knocked-in” under the transcriptional control of
the Cripto promoter [12]. We have shown that embryos that are heterozygous for the targeted allele
display patterns of LacZ expression that are nearly identical to the expression pattern deduced from
in situ hybridization studies [12]. Consequently, we are now performing B-galactosidase staining of
mammary glands of heterozygous Cripto-LacZ*'~ females at various stages of development,
pregnancy, lactation, and regression to examine Cripto expression.

6.b.(i1) Technical Objective II: Expression of Cripto in cell culture model systems

Rationale: To examine the role of Cripto in cellular proliferation, differentiation and
transformation, we are utilizing retroviral gene transfer as a strategy to efficiently transfect Cripto
into relevant cell lines. In our initial studies, we have focused on cell lines that have been reported to
respond to exogenous human CRIPTO protein, such as the HC-11 mammary epithelial cell line [7,

iR /N PUBLISHED DATA 8
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8]. Our results form the basis for further studies using other mammary cell lines, as well as
mutational approaches to dissect functional domains of the CRIPTO protein.

Results: For efficient gene expression, we have utilized the LZRS-pBMN-2 retroviral vector,
which contains (%) full-length Moloney LTRs for efficient gene expression, (77) extended Psi (W) sites
to direct appropriate packaging of the mRNA, (777) a puromyocin selection marker for enrichment
of cells containing the retroviral vector, and (7») Epstein-Barr virus origin and nuclear retention
sequences for episomal replication [17]. High-titer retroviral stocks are obtained through transient
transfection of the Phoenix packaging cell line, which is a modified 293T cell line derivative that is
available for both ecotropic and amphotropic viral production [17]. We have generated LZRS-
PpBMN-2 vectors containing murine and human Cripto inserts, using either unmodified or modified
signal sequences (Figure 1B). Infection of HC-11 and NIH/3T3 cells with these viruses results in
high levels of protein production in culture supernatants, as shown by Western blotting with a
polyclonal CRIPTO antibody that we have generated (data not shown).

We have used these retroviruses to examine the effects of Cripto overexpression upon HC-11
mammary epithelial cells, which can be induced to differentiate by stimulation with lactogenic
hormones [19]. This differentiation can be assayed by B-casein production, and can be blocked by
addition of exogenous EGF [19]. In addition, we examined the effects of exogenous addition of a
recombinant mouse CRIPTO protein that we have produced in Sf9 insect cell supernatants using a

baculovirus expression system.

10% infectivity 50% infectivity
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Figure 2. Northern blot analysis of B-casein expression in HC-11 cells. HC-11 cells were infected with the
indicated ecotropic retroviruses or were uninfected (control), and induced to differentiate by lactogenic
hormones under standard conditions [19]. HC-11 cells were plated at different densities to achieve the
indicated percentage of infected cells. For addition of exogenous protein, cells were treated with 10 ng/ml
EGF, or treated with 1 ng/ml recombinant CRIPTO protein obtained from insect cell supernatants. 10 pug
of total RNA was analyzed by Northern blotting with a B-casein probe, followed by stripping of the filter
and re-probing with a GAPDH probe as a control for RNA loading.
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As seen in Figure 2, infection with viruses expressing mouse or human Cripto effectively
blocked the differentiation of HC-11 cells, consistent with previous results using continual
treatment with exogenous refolded human CRIPTO peptide [8]. Addition of our recombinant
purified CRIPTO protein showed a modest effect at the concentration employed. Notably,
increased efficiency of secretion through use of the modified leader peptide resulted in more
effective inhibition of HC-11 differentiation, implying that CRIPTO protein acts as a secreted
product. Furthermore, expression of Cripto by a small percentage of cells resulted in a much greater
percentage inhibitory effect, suggesting that CRIPTO protein can act on cells other than the ones
that produce it (i.e., acts non-cell-autonomously). This observation is of particular importance given
that oep appears to act cell-autonomously in fish embryos [13]. In ongoing studies, we are
constructing retroviruses containing truncated and mutant Cripto genes, as well as other members of
the EGF-CFC family to begin analysis of functional protein domains.

In other studies, we utilized our Cripto retroviruses in studies of focus formation by
NIH/3T3 cells, since it had been previously reported that human Cripto expression could transform
these cells [25]. However, we were unable to reproduce the published results on NIH/3T3
transformation (data not shown), a finding that has been independently confirmed by another
laboratory (D. Salomon, personal communication). Therefore, we have now turned to analysis of
soft agar plating by NOG-8 mammary epithelial cells, which are partially transformed by Cripzo
overexpression [5]. We will employ the retroviruses that we have generated to examine the
transforming activities of Cripro in further detail.

6. b.(iii) Technical Objective III: Analysis of CRIPTO binding to cell-surface receptor(s)

Rationale: To investigate CRIPTO protein binding to putative cell-surface receptors, we
have generated fusion proteins with secreted human placental alkaline phosphatase (AP), which can
be used as soluble affinity reagents [20, 26, 27]. As described in last year’s update, we have used this
methodology to demonstrate quantitative binding of AP-CRIPTO fusion proteins to MDA-MB-
453 and SK-BR-3 mammary carcinoma cell lines, and to show specific patterns of binding to mouse
embryo sections. We have now extended these observations in efforts to (%) isolate a cDNA clone for
a putative receptor by expression library screening and sib selection, and (%) establish direct
biochemical assays to identify cell-surface interacting protein(s).

Results: (z) Expression library screening: Based on our analyses of binding to mouse embryo
sections, we found that one of the highest sites of binding was to dorsal root ganglia from 10.5 to
15.5 dpc. This observation was of particular interest since a cDNA expression library from E14 rat
dorsal root ganglia had previously been screened successfully using an AP fusion protein reagent
[21]. We obtained this library from Dr. Marc Tessier-Lavigne’s laboratory for screening with our
AP-CRIPTO fusion protein. Out of 60 pools of approximately 2000 clones each, we were able to
identify one pool with apparent positive staining, and division of this pool into subpools of
approximately 100 clones each has led to identification of two positive subpools. We are currently
subdividing these pools to isolate single clones that confer AP-CRIPTO binding.

(i) Detection of a cell-surface binding protein:  As a parallel approach for analysis of the
putative Cripto receptor(s), we have developed a immunoprecipitation assay for the identification of
binding proteins. For this purpose, we have utilized our AP-CRIPTO fusion proteins as affinity
reagents to perform pull-down experiments using cell lysates from labeled HC-11 cells. Using
metabolically labeled cells, we could specifically immunoprecipitate an approximately 65 kD band
and a weaker band with slightly higher electrophoretic mobility from HC-11 cell lysates, but not
from culture supernatants (Figure 3A). Notably, these putative interacting proteins were specifically
immunoprecipitated by AP-CRIPTO fusion protein, and not by unfused AP protein or by AP fused
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to truncated CRIPTO derivatives containing only the EGF or CFC motifs (AP-CRIPTO(EGF) or
AP-CRIPTO(CFC)). Furthermore, we have obtained similar results in pull-down experiments
using GST-CRIPTO fusion protein produced in Sf9 cell supernatants (not shown).

A B

AP-CRIPTO(EGF)
AP-CRIPTO(CFC)

o
- -
8 U S ©
2 g 2 =2

Figure 3. Detection of a cell-surface CRIPTO binding protein. (4) HC-11 cells were metabolically labeled
with *S-methionine, and cell lysates were incubated with the indicated proteins produced in COS cell
conditioned medium, followed by analysis of immunoprecipitates by SDS-PAGE. Equivalent amounts of
AP or AP-fusion protein were used in these pull-down experiments, as demonstrated by Western blotting
using an anti-AP antibody (not shown). (B) Cell-surface proteins of unlabeled HC-11 cells were biotinylated
using sulfo-NHS-LC-biotin reagent, followed by immunoprecipitation and Western blot detection with
avidin-HRP. For both panels, lines indicate the positions of molecular mass markers corresponding to 83.6,

61.5, 50.8, 37.6, 25.4, 20, and 14 kDa.

To determine whether these putative interacting proteins are localized to the cell surface, we
biotinylated cell-surface proteins on HC-11 cells, and performed a similar pull-down experiment
with AP-CRIPTO fusion protein. Again, a band of approximately 65 kD and a weaker 63 kD band
could be specifically immunoprecipitated using AP-CRIPTO fusion protein, but not unfused AP
(Figure 3B). Similar results were obtained with the MDA-MB-453 and SK-BR-3 mammary
carcinoma cell lines (not shown). Thus, we have developed an immunoprecipitation assay that
specifically identifies cell-surface proteins that bind to CRIPTO, and are now pursuing biochemical
purification of these proteins to perform protein microsequencing.

6.c. Relationship to Statement of Work:

As described above, we have continued to make significant progress towards all three of the
Technical Objectives proposed in our original grant application.

For Technical Objective I, we have generated transgenic founders expressing murine Cripto in
the mammary gland, and are now establishing lines of transgenic mice, thereby nearing completion
of Task 1. We have also initiated studies of endogenous Cripto expression in the mammary gland, as
a necessary first step in evaluating transgene expression (Tuasks 2, 3). These studies should be
invaluable in assessing the effects of Cripro overexpression upon mammary gland development and
tumorigenesis 7 vivo.
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For Technical Objective II, we have generated retroviruses expressing mouse and human
Cripto, and have shown that these retroviruses display activity in assays of HC-11 differentiation.
Because these retroviruses can be used to infect a wide range of cell types, we have significantly
expanded our studies beyond those originally proposed (which only considered MCF-10A cells);
thus we have made significant progress towards Tasks 8-10. Our continuing studies of HC-11
differentiation and NOG-8 transformation should result in a detailed analysis of Cripzo activities in
mammary differentiation and tumorigenesis using these cell culture model systems.

For Technical Objective III, we have previously generated alkaline phosphatase fusion
proteins for examination of CRIPTO binding to cell lines and to tissue sections from mouse
embryos, thereby completing Tasks 13-15. In current experiments, we are screening cDNA
expression libraries for clones that bind AP-CRIPTO fusion protein (7ask 17), and have developed
an independent biochemical approach to investigate CRIPTO binding to cell-surface proteins.
Thus, we have made substantial progress towards the analysis and future identification of putative
Cripto receptor(s).

7. Conclusions:

During the past year, we have made significant progress in investigating the activities of
Cripto in mammary development and tumorigenesis. We have generated several transgenic founder
mice containing wild-type and modified transgene constructs that should overexpress Cripto in the
mammary gland, and have shown that Cripro expressing retroviruses are active in an assay of
mammary epithelial cell differentiation. Furthermore, we have utilized AP-CRIPTO fusion proteins
as affinity reagents to screen cDNA expression libraries for receptor cloning, and to perform
immunoprecipitation assays that demonstrate binding to a specific 65 kDa cell-surface protein. Our
ongoing studies have demonstrated the feasibility of these approaches for the molecular cloning of
the Cripto recepror(s).

i
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The supernatants were pre-cleared with Sepharose-4BL beads and immuno-
precipitated with anti-Myc-epitope antibody (9E2.10). The immunoprecipi-
tates were then washed twice with RIPA-DOC buffer, resolved by 4-20% SDS~
PAGE, and quantified by phosphorimaging with subtraction of individual lane
background.

Analysis of PS1-transgenic mice. Wild-type and mutant P51 cDNAs were
cloned into a Thy-1 expression vector and transgenic mice were generated and
bred as described”. We identified founders by Southern blotting of genomic
DNA from tail biopsies. Transgene-positive offspring were identified by
polymerase chain reaction and confirmed by western blotting of cortical
homogenates for human PS1 fragments. Transgene expression was also
monitored by in situ hybridization for the human PS1 messenger RNA.
Quantitative analysis of 3-catenin in the human brain. Grey matter was
dissected from the temporal cerebral cortex of control cases (n = 10, average
age 59 years, age range 25-86 years), cases with sporadic Alzheimer’s disease
(n =7, average age 71, age range 63—82), and cases with familial Alzheimer’s
disease with PS1 mutations (G209V; n = 2; C410Y, n = 3; M139], n=2;
H163R, n = 2; average age 51, age range 41-59; one case with a C410Y
mutation was 84 years old). The tissue was extracted in RIPA-DOC buffer
supplemented with protease inhibitors and cleared by centrifugation
(100,000, 60 min, 4°C), and protein-equivalent samples were resolved by
4-20% SDS—PAGE. For detection of B-catenin, samples were heated for 1 min
at 90 °C before loading. For detection of PS1, samples were loaded without
previous heating. The proteins were electrotransferred to Immobilon-P mem-
brane and immunoblotted with anti-PS1-N (1:5,000) or anti-B-catenin
(mAb14; 1:1,000), followed by incubation with '»I-conjugated anti-rabbit
or anti-mouse IgG and quantitative analysis by phosphorimaging.
Analysis of neuronal apoptosis. We established and transfected pri
cultures of rat E18 hippocampal neurons as described”. We add?ed fi
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The anterior—posterior axis of the mouse embryo is established by
two distinct organizing centres in the anterior visceral endoderm
and the distal primitive streak'”. These organizers induce and
pattern the head and trunk respectively, and have been proposed
to be localized through coordinate cell movements that rotate a
pre-existing proximal-distal axis®®, Here we show that correct
localization of both head- and trunk-organizing centres requires
Cripto®", a putative signalling molecule that is a member of the
EGF-CFC gene family'"'%. Before gastrulation, Cripto is asymme-
trically expressed in a proximal—distal gradient in the epiblast,
and subsequently is expressed in the primitive streak and newly
formed embryonic mesoderm. A Crzpto null mutation generated
by targeted gene disruption results in homozygous Cripto™~
embryos that mostly consist of anterior neuroectoderm and lack
posterior structures, thus resembling a head without a trunk.
Notably, markers of the head organizer are located at the distal
end of the embryo, whereas markers of the primitive streak are
absent or localized to the proximal side. Our results indicate that
Cripto signalling is essential for the conversion of a proximal—
distal asymmetry into an orthogonal anterior—posterior axis.
Members of the EGF-CFC gene family, including Cripto, murine
Cryptic"!, Xenopus FRL-1", and zebrafish one-eyed pinhead", encode
secreted proteins that contain a divergent epidermal growth factor
(EGF)-like motif and a novel cysteine-rich CFC motif''?, EGF-CFC
genes are expressed during gastrulation, with limited expression at
later embryonic stages, and have been implicated in early develop-
ment. For example, FRL-1 has mesoderm and neural-inducing
activities in Xenopus animal cap assays'’, and one-eyed pinhead is
required for prechordal plate formation dunng zebrafish
gastrulation'”, Expression of Cripto can be detected in the epiblast
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of pre-streak- and primitive-streak-stage embryos™’; Cripto is
necessary for cardiogenesis during embryonic stem cell differentia-
tion in culture’®. We demonstrate here that Cripto is required for
early embryogenesis in the mouse, thus establishing an essential role
for the EGF-CFC family in mammalian development.

We have found that the expression of Cripto during pregastrula-
tion and gastrulation stages is dynamic and is associated with early
signs of overt anterior—posterior asymmetry. Before gastrulation, at
5.5 days post coitum (d.p.c.), Cripto expression is initially sym-
metric and uniform in the epiblast, and is not found in the extra-
embryonic visceral endoderm (Fig. la, b). At 6.0d.p.c, before
primitive streak formation, Cripto becomes asymmetrically
expressed in the epiblast, in a graded proximal—distal distribution
(Fig. 1c—e). By the onset of gastrulation (6.5 d.p.c.), Cripto expres-
sion localizes to the region of the nascent primitive streak (Fig. 1f-
h). In the early stages of gastrulation (6.75 d.p.c.), Cripto expression
is found in the primitive streak and in the wings of embryonic
mesoderm that spread rostrally, while regressing caudally in the
epiblast (Fig. 1i, j). During the early neural plate stage (7.25 d.p.c.),
expression of Cripto fades in the embryonic mesoderm and becomes
increasingly confined to the primitive streak and head process
(Fig. 1k, 1). Cripto expression disappears completely by the late
neural plate stage (7.75 d.p.c.), whereas a later phase of expression in
cardiac progenitors initiates at the late head-fold stage (8.0d.p.c.)
(J.D., H. Wang and M.M.S., unpublished resuits).

To investigate whether Cripto activity is required for proper
gastrulation, we generated a null mutati9n by targeted gene djs;
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ruption, simultaneously ‘knocking-in’ a promoterless lacZ marker
gene (Fig. 2a). The resulting heterozygous Cripto*~ mice are
phenotypically normal, and Cripto™~ embryos display B-
galactosidase staining patterns that resemble those obtained by in
situ hybridization, albeit with a slight lag in developmental stage
that probably reflects protein persistence (Fig. 1m-r). However,
homozygosity for the Cripto targeted mutation results in embryoni
lethality (Fig. 2b). Although no homozygous embry

(Fig. 2¢).
Morphological and histological analysi
Cripto homozygotes have striking defects in,
formation and axial organization. The eat
homozygotes can be reliably distinguished i
type littermates are at early-to-mid-str

proximally towards the embryonic/extra-
ion, particularly on the anterior side’
, at 7.5 and 8.5d.p.c. Cripto mutants appear to
deficient for embryonic mesoderm derivatives such as
cardiac tissue, whereas extra-embryonic mesoderm is
ften formed, including the allantois and blood islands of the
visceral yolk sac mesoderm (Fig. 2d-1). Notably, Cripto mutant

Figure 1 Expression of Cripto at pre-gastrulation and gastrulation stages. a-l,
Whole-mount in situ hybridization analysis. a, Uniform symmetric staining in the
epiblast at 6.5d.p.c.; b, a cross section shows lack of expression in the visceral
endoderm. ¢, d, Proximal-distal gradient of expression in the epiblast. e, Sagittal
section of d. f, g, Expression shifts caudally before the onset of gastrulation at
6.5d.p.c. h, Cross-section of g shows widespread expression in the epiblast and
no expression in the visceral endoderm. i, Mid-streak stage; J, cross-section
shows intense staining in the newly formed embryonic mesoderm. k, |,
Expression persists in the primitive streak and head process at the neural plate

NATURE|VOL 395 15 OCTOBER 1998 | www.nature.com Nature © Mac

stage. m-r, B-Galactosidase staining of Cripto heterozygotes. m, n, Uniform
staining in the epiblast before gastrulation. o, Sagittal section shows proximal-
distal graded staining just before gastrulation. p, Early-streak stage embryo, and
g, cross-section. r, Early neural-plate-stage embryo: note more intense staining at
distal end of the primitive streak. In all panels, anterior faces to the left when
anterior-posterior orientation can be identified; staging before primitive streak
formation is approximate. Scale bars, 0.05 mm. A, anterior; D, distal; ep, epiblast;
hp, head process; m, mesoderm; P, posterior; Pr, proximal; ps, primitive streak
(bar denotes extent of streak); ve, visceral extra-embryonic endoderm.
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a, Homologous recombination with the targeting vector deletes the!
coding region (dark boxes), and inserts a promoter-less LacZ m

5’ flanking probe (A} detects a 5-kb Sspl fragment
a 6-kb fragment (arrow) from the targeted allefg;
(lanes 3, 4). Targeted ES clones were eppfir

=3), heterozygous (lanes 4-6), and
) at 75 d.p.c.; the primers amplify a 751-
o genomic fragment deleted in the targeted
allele. d-f, Morpholg ko) ected embryos; scale bars represent 0.2mm. d,
Wild-type mid-strebk stags ‘embryo at 6.75d.p.c. (left) and two Cripto mutant
littermates (§entre, right), showing thickened visceral endoderm at the distal tip

demonstrates recovery of wild
homozygous mutant embryos

ally, and frequently lack an overt anterior—posterior axis (Fig.
2d-1).

We further characterized the Cripto mutant phenotype by exam-
ining expression of appropriate marker genes for specific tissues in
embryos dissected at 7.5d.p.c. and 8.5d.p.c. Consistent with our
histological findings, we observed no embryonic expression of
HNF-33 and Sonic hedgehog (Shh), which are markers of axial
mesoderm and definitive endoderm at these stages (Fig. 3a, b).
We also found no evidence for formation of paraxial mesoderm
using a MoxI probe' (Fig. 3¢). Similar results were obtained using a
Lim] probe for caudal lateral plate mesoderm (data not shown). To
determine the identity of the ectopic ectodermal folds in Cripto
mutants, we next investigated the expression of several neuro-
ectoderm markers. In all Cripto homozygotes examined, we found
widespread expression ‘in the ectoderm layer for Otx2, which is
initially expressed throughout the undifferentiated epiblast before
gastrulation and then marks the prospective forebrain and midbrain
at 7.5d.p.c.’ (Fig. 34, e). In addition, expression of the forebrain
marker BF1' was observed in four out of seven embryos at 7.5 d.p.c.
and 8.5d.p.c. (Fig. 3f). Enl, a marker of prospective midbrain and
anterior hindbrain, was expressed in every homozygous embryo
examined, usually in an asymmetric patch (Fig. 3g, h). In contrast to
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rows). e, Wild-type early head-fold embryo at 76d.p.c. {left) and mutant
littermate with ectopic ectodermal folds (arrow). f, Wild-type embryo at 8.5d.p.c.
(left) and mutant littermate (right), with an apparent blood island in the extra-
embryonic region (arrow). g-1, Haematoxylin-eosin staining of paraffin sections
of embryos within intact decidual tissue at 6.75d.p.c. (g-i) and at 76 d.p.c. (j-1);
scale bars represent 0.1 mm. g-i, Wild-type mid-streak embryo (g) and Cripto
mutant littermate (h), showing lack of primitive streak and embryonic mesoderm
and thickening of the visceral endoderm at the distal tip (arrow), also shown at
higher power (i). j-I, Wild-type neural-plate-stage embryo (j) and two Cripto
mutant littermates, one with no evidence of primitive streak or mesoderm
formation (k), and the second showing formation of extra-embryonic mesoderm,
but not embryonic mesoderm (). Abbreviations: ave, anterior visceral endoderm:
em, extra-embryonic mesoderm; hf, head folds; m, embryonic mesoderm; ps,
primitive streak; som, somites; ve, visceral endoderm,

these anterior neuroectoderm markers, staining was not observed
for Krox20, a marker for rhombomeres 3 and 5 of the posterior
hindbrain (Fig. 3i). Similarly, expression of the more caudal neural
and mesodermal markers HoxBI and HoxB4 was completely absent
(Fig. 3j; data not shown). To rule out the possibility that the tissues
in Cripto mutant embryos correspond to undifferentiated epiblast,
we examined expression of the epiblast marker Oct4 and found no
evidence of expression at 7.5 d.p.c. (data not shown). Based on these
data, we conclude that Cripto mutant embryos are severely deficient
for production of embryonic mesoderm and endoderm, and instead
largely consist of anterior neuroectoderm.

The absence of embryonic mesoderm and ectopic neuroectoderm
in Cripto mutants suggested that formation and/or localization of
the trunk and head organizing centres might be defective. To
determine whether the trunk organizing centre is affected, we
used Brachyury, an early marker of the primitive streak, and
found that it was expressed in a proximal band near the embryo-
nic/extraembryonic constriction at 6.75 d.p.c. (Fig. 3k, 1), but was
undetectable at 7.5 d.p.c. (data not shown). To confirm this finding,
we examined the markers Fgf8 and Evxl, which mark the entire
streak and caudal (proximal) primitive streak respectively's, and
obtained similar results at 6.75 d.p.c. (Fig. 3m; data not shown). We
also examined expression of Lim1, which marks both the primitive
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ountin situ proximally in a Cripto mutant. n, Limited proximal expression of Lim? in a Cripto
jorfacingtothe left,  homozygote (arrow); faint staining in the distal visceral endoderm can
sat75(a d e)and occasionally be observed in mutants (not shown). o, Faint proximal staining for
gmbryonicregionof aCripto  Goosecoid in a Cripto mutant (arrow). p, Extensive expression of Hesx? is
lerm of the visceral yolk sac is  observed for all Cripto mutants in the ectoderm, as shown by a sagittal section (q);
of Sonic hedgehog in a Cripto  weak staining in the visceral endoderm can often be observed but is largely
mutant. e, Mox? expressio npt observed in a mutant embryo. d, Otx2  obscured by the ectoderm expression. r, Hex expression in the thickened visceral
expressioninthe ectopic distals _dsermalfolds otaCripto mutant, alsoshownin  endoderm of a Cripto mutant; 8, sagittal section shows the apparent limits of distal
sagittal section (e); n he presence of an allantois in the extra-embryonic  staining (arrowheads). t, Cerberus-like is expressed in the dista! visceral
region.f,BF1 is e, %e_ é%ymmetricatly inaCripto mutant.g,En? isexpressed  endoderm of a mutant embryo (arrowy); u, frontal section shows that the apparent
s.0f a Cripto mutant, also shown in sagittal section (h).i,No  distribution of staining is broad and asymmetric (arrowheads). Scale bars
tedted in Cripto mutants for Krox20. j, No expression is detected correspond to 0.2mm. Abbreviations: al, allantois; anp, anterior neural plate; ave,
s for HoxB1, a marker for rhombomere 4 and the posterior neural  anterior visceral endoderm; hg, hindgut; m, embryonic mesoderm; mes-met,
esoderm. k-u, Analysis of embryos at 6.75d.p.c. k, Brachyury is  mesencephalon-metencephalon; ntc, notochordal plate or notochord: nd, node;
essedinthe primitive streak of the wild-type embryo, butina proximalbandin  ps, primitive streak; som, somites; r, rhombomere; tel, telencephalon; vys, visceral
the mutant (arrows), also shown in frontal section (1). m, Fgf8 is expressed  yolk sac.

Figure 3 Analysis of marker gene expression. Panels shy
hybridization on a wild-type litermate control (left), wi
and a Cripto mutant embryo (right). a-j, Analysi
8.5d.p.c.(b,c, f-j). a, HNF3-8is not expres
mutant; weak staining in extraembryo
detected in both embryos.

streak and the anterior visceral endoderm* (head organizing centre), ~ which Hesx! expression appears in the anterior neural plate of wild-
and observed expression in the proximal epiblast (Fig. 3n). In type embryos. This finding suggested that head organizer activity
contrast, expression of Goosecoid (Gsc), which marks the anterior might be mislocalized distally in Cripto mutants, which may be
visceral endoderm and the rostral (distal) region of the primitive consistent with the thickened visceral endoderm at the distal tip
streak’, was absent or appeared in a faint proximal band (Fig. 30).  (Fig. 2d,h,i). To confirm this, we examined expression of Cerberus-
Similar results were obtained for HNF-38, which is likewise like (Cer-1), which encodes a candidate head-inducing signal®®, and
expressed in the anterior visceral endoderm and rostral primitive  Hex, which is the earliest known marker of the prospective head
streak® (data not shown). In addition, as Cripto expression marks organizer and of anterior—posterior polarity®. Both of these genes
the primitive streak, we performed B-galactosidase staining of were expressed in the thickened region of visceral endoderm, with a
mutant embryos at 6.75d.p.c. and found that staining was always  broad distribution around the distal tip that was sometimes slightly
absent (data not shown). askew (Fig. 3r—u).

Finally, we investigated whether head organizing activities are In summary, our analysis of Cripto mutants indicates that early
affected in Cripto mutants by examining several markers that are  markers of a head-organizing centre (Hex, Cerberus-like) are mis-
normally expressed in the anterior visceral endoderm during early localized in the distal visceral endoderm and, as a result, anterior
gastrulation. Expression of Hesx! (also known as Rpx), which marks  neuroectoderm is induced distally. In contrast, early markers of the
the anterior visceral endoderm and is subsequently induced in the  primitive streak (Brachyury, Fgf8) are mislocalized proximally,
adjacent neuroectoderm™'’, was found throughout the ectodermal ~ whereas little or no expression is observed for later markers of the
layer of the distal region of the egg cylinder at 6.75 d.p.c. (Fig. 3p,q);  distal primitive streak (Goosecoid, HNF-38), which corresponds to
this ectopic expression significantly precedes the normal time at the position of the trunk organizing centre and future node, These
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gE Cripto expression W& Hex expression W Brachyury expression

Figure 4 Schematic interpretation of the Cripto mutant phenotype. a, Model for
anterior-posterior axis formation proposed by Beddington et al. (adapted from
refs 6, 8). Expression of Hex {red) and Brachyury (blue) correspond to the position
of prospective anterior and posterior organizing centres, respectively; orange
arrows represent putative head-inducing activities. Also shown is the expression
of Cripto (hatched) at these stages, based on Fig. 1. Dashed lines indicate the
embryonic/extra-embryonic boundary. b, Deduced locations of anterior and
posterior organizing centres in Cripto mutant embryos. We propose that
mislocalization of head-organizing activities accounts for the ectopic generation
of anterior neuroectoderm in a distal position. Note that loss of Cripto activity
results in a phenotype in the visceral endoderm, where it is not expressed,
consistent with its putative role as a signalling factor, although the basis for this
effect may be indirect.

findings correlate with the failure to form embryonic mesode
but not extra-embryonic mesoderm, and demonstrate
neural fates can arise in the absence of embryonic.
Moreover, the lack of posterior neuroectoderm in

normally required to caudalize neuroect » Consequently,
Cripto mutant embryos display a head-vsﬁ'
that is superficially the opposite atfol;
and Liml, which have defects int ‘organizing activities® >,
Mislocalized distal  expression of us-like has been observed
in Om2 mutants’, and! fmiglocalized proximal expression of
Goosecoid in Otx2” and Lim-#mutants”; however, these mutants
have at least parti tact trunk-organizing activities. Further-
more, the Crz renotype also differs from that of Smad2,

n mutants for Otx2

ect localization.

Our results support a recent model proposed to explain the
formation of the anterior—posterior axis in the mouse embryo.
Beddington et al. have suggested that precursors of the head- and
trunk-organizing centres originate on the distal and proximal ends
of the pregastrulation embryo, and that vectorial cell movements
convert this pre-existing distal—proximal asymmetry into an ante-
rior—posterior axis before gastrulation®® (Fig. 4a). Our findings
agree with this model as we found that Cripto is required for the
correct orientation of the anterior—posterior axis. In particular, our
data indicate that rotation of the anterior—posterior axis fails to
occur in the absence of Cripto activity, resulting in mislocalization of
the head- and trunk-organizing centres (Fig. 4b). We suggest that
Cripto signalling, possibly involving its proximal—distal gradient of
expression, is required for the vectorial movements that correctly
orient the anterior—posterior axis, and perhaps for coordinating
these cell movements in two distinct tissue layers.

Relatively little is known about the signalling activities of EGF-
CFC protein products and the molecular identities of their putative
receptor(s), although recombinant Cripto protein activates the Ras/
Raf/MAPK pathway in cultured mammary epithelial cells**. Our
demonstration of an essential role for Cripto in anterior—posterior
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axis formation underscores the importance of this newly identified
family of signalling molecules in vertebrate development

Methods
Gene targeting. A partial cDNA corresponding to base pairs (bp) 41 to 985 of
the published Cripto sequence’ was amplified by RT-PCR from F9 teratocarci-
noma cells, and used to screen a NFIXII library constructed from 129S

genomic DNA (Stratagene). Positive phage clones were screened by PC
distinguish the authentic Cripto locus from pseudogenes®. To co
targeting vector for Cripto, a 6.5-kb Apal to EcoRI fragment was clgnec

ted at bp 175 of the
inearized construct

was electroporated into TC! ES cells®
frequency of 13% (19/145). ES cell

blastocyst injection were done as
ing blastocyst injection were bred
d germline transmission was obtained

opulatory plug. Embryos analysed at 7.5d.p.c. and 8.5d.p.c. were
genotyped by PCR using extraembryonic tissues; for 6.75d.p.c., over 50
embryos have been genotyped, with a strict correlation observed between the
genotype and the phenotype described. PCR amplification for genotyping was
done at an annealing temperature of 59 °C, using the following primers: for
LacZ, 5 CCGCGCTGTACTGGAGGCTGAAG 3’ and 5 ATACTG-
CACCGGGCGGGAAGGAT 3'; for Cripto, 5* GCGCACGCTTCCAACTCTA-
CAATC 3’ and 5" TTCCAAGGCAACCAGGGCTACAC 3' (corresponding to
bp 2,464-2,999 of the genomic sequence®). Histological analysis of intact
decidua was performed as described”.

In situ hybridization and probes. Whole-mount in situ hybridization was
carried out as previously described" using the indicated probes, except that
embryos were processed in 0.74-pm mesh inserts (Costar) for ease of
handling®. For each probe, at least five, and usually six or more, Cripto
mutant embryos were examined at each developmental stage analysed.
Whole-mount embryos were stained for B-galactosidase activity as described”.
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mammalianreproductive
tractrequiresWnt-7a

Brian A. Parer*& Andrew P. McMahon
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ivip Cambridge, Massachussets 02138, USA

tant feature of mammalian development is the genera-
of sexually dimorphic reproductive tracts from the Miillerian
and Wolffian ducts. In females, Miillerian ducts develop into the
oviduct, uterus, cervix and upper vagina, whereas Wolffian ducts
regress. In males, testosterone promotes differentiation of Wolf-
fian ducts into the epididymis, vas deferens and seminal vesicle.
The Sertoli cells of the testes produce Miillerian-inhibiting sub-
stance, which stimulates Miillerian duct regression in males 1-4,
The receptor for Miillerian-inhibiting substance is expressed by
mesenchymal cells underlying the Miillerian duct that are thought
to mediate regression of the duct®”’”. Mutations that inactivate
either Miillerian-inhibiting substance or its receptor allow devel-
opment of the female reproductive tract in males® ', These
pseudohermaphrodites are frequently infertile because sperm
passage is blocked by the presence of the female reproductive
system™ ", Here we show that male mice lacking the signalling
molecule Wnt-7a fail to undergo regression of the Miillerian duct
as a result of the absence of the receptor for Miillerian-inhibiting
substance. Wnt7a-deficient females are infertile because of abnor-
mal development of the oviduct and uterus, both of which are

* Present address: MCD Biology, University of Colorado, Campus Box 347, Boulder, Colorado 80309,
USA.
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Miillerian duct derivatives. Therefore, we propose that signalling
by Wnt-7a allows sexually dlmorphlc development of the
Miillerian ducts.

Wat-7a is a member of the Wnt family of secreted glycoproteins,
which function as signalling molecules in several developmental
contexts'. We have described previously the generation of a mutant
Wnt-7a allele by homologous recombination in mouse embryopic
stem cells'. Mice homozygous for the targeted allele exhibit def
in limb patterning, but are otherwise fully viable'*'>. Howeveg; we+

Figure 1 Development of female reproductive tracts in wild-type and Wnt-7a-
mutant mice. a, b, The urogenital region of a, wild-type and b, mutant neonates.
k, kidney; o, ovary; u, uterus. ¢, Coiled oviducts (od) are seen in wild-type (left) but
notin mutant(right) neonatal mice. The uterus of the mutants is less muscularand
more slender than the wild-type uterus. d, Adult reproductive tracts of wild-type
(left) and homozygous Wnt-7a-mutant {right) females. The wild-type uterus is
substantially larger and thicker than the mutant uterus. However, ovarian
development is similar. e, f, The coifed oviduct, which is visible in wild-type
mice (e), is not apparent in Wnt-7a mutants (f). Comparative photographs of wild-
type and mutant siblings in all figures are taken at the same magnification.
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